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Spintronics is a multidisciplinary field involving physics, engineering and other fields of 
science that treats spin-based transport in condensed matter systems. The fundamental studies of 
spintronics focus on the manipulation and generation of “spin currents”, the flows of electron spins 
in condensed matter. The spin current, however, is a non-conserved quantity because of the 
relaxation in materials, and thus, the control of the spin current is obviously challenging. 
To control the spin current, recent studies of spintronics have revealed the similarity 
between the function of a magnetic field and that of several interactions in condensed matter. The 
key point of the interactions is angular momentum conversion. Recent fundamental studies of 
spintronics have discovered various routes of spin-current generation based on angular momentum 
conversion and have enabled us to exchange the angular momentum among conduction electron 
spin, (i) magnetization dynamics, (ii) orbital angular momentum, and (iii) photon polarization; 
especially to generate electronic spin currents, the interaction with electron spins in condensed 
matter have been utilized: (i) an exchange interaction, (ii) a spin-orbit interaction, (iii) an 
electromagnetic interaction. 
In this stream, the well-known but a remaining form of angular momentum, namely (iv) the 
macroscopic rotation, should be utilized to generate spin currents. There are well-known 
phenomena using the direct interaction between magnetization and mechanical angular momentum 
due to macroscopic rotational motion, such as the Einstein-de Haas effect and the Barnett effect, 
which represent rotation by magnetization and magnetization by rotation, respectively. These 
phenomena were discovered first in 1915 by using a ferromagnetic system and recently they are 
observed in a nuclear spin system and a paramagnetic system. In this way, there exists the direct 
interaction between the spin and the macroscopic rotation and recent studies have revealed 
phenomena via this interaction, however, in the field of spintronics, spin-current generation from 
the macroscopic rotation has not been demonstrated so far. 
The purpose of the present study is to subsume the mechanical angular momentum into the 
field of spintronics via a direct coupling between electron spins and macroscopic rotational motion, 
more specifically via a coupling between the spins and vorticity in fluid motion. The key of the 
coupling is that it enables us to generate a spin current free from magnetic fields and magnetization. 
Especially in the present study, the mechanical generation of spin currents only by using fluid 
motion, not using magnetic fields has been studied experimentally and also theoretically. With the 
achievement of the present study as a beginning, I believe that challenges to combine mechanical 
motion with the spintronics phenomena will be emerging. 
In the view point of application, the study shows promise for the creation of unprecedented 
technology which can convert thermal systems, electromagnetic systems and mechanical systems 
into each other via spin currents in a nano-scale system, in which angular-momentum transfer via 
spin currents is strongly actualized. Therefore, the present study can pave a way to a novel 
spintronic device including mechanical, especially hydrodynamic, power generation. 
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 In this thesis, first I develop theory of spin-current generation from mechanical motion and 
then experimentally demonstrate electric voltage generation from fluid dynamics based on 
spin-mechanical motion coupling. In Chapter 1, I introduce a fundamental physics on 
spintronics and the fluid dynamics used in this study. In Chapter 2, I construct theory of 
fluid-mechanical generation of spin current. Firstly, I derive the fundamental coupling between 
electron spin and fluid vorticity by using low energy expansion of Dirac equation in a non-inertial 
frame. Then, I formulate the coupled equations of electron spins and fluid dynamics which consists 
of spin diffusion equation in a liquid metal and a generalized Navier-Stokes equation with a spin 
source term. Solution of the equations will lead to fluid-mechanical generation of spin current. In 
Chapter 3, experiments on the spin-current generation will be demonstrated. In order to generate the 
spin current, I use fluid vorticity in a fine pipe flow of liquid metals, such as mercury and gallium 
alloy. The friction between the pipe and a liquid metal cause a gradient of vorticity, which is 
responsible for a spin voltage. The spin voltage drive a spin current in the flow. To detect spin 
voltage in a fluid, I use the inverse spin Hall effect (ISHE). The ISHE converts a spin current into 
the electric voltage via the spin-orbit interaction in the liquid metal. To further examine the voltage 
generation, I measure the ISHE voltage for various values of flow velocity and for several channels 
with different geometry of fine pipes. The results will be well fitted by the scaling law predicted 
from my theory. In Chapter 4, I demonstrate controlled experiments to exclude the possibilities of 
other mechanisms that might give rise to voltage signals in the present set-up. I examine voltage 
generations including the magnetohydrodynamic generation, thermoelectric effects, electrifications 
and so on. In Chapter 5, I give a short summary of this work together with some open problems. 
 Detailed results I obtained in the study are as follows: 
1.  In the turbulent flow of the mercury and the gallium alloy in the cylindrical 
channel, the voltage signal was observed, which responded steeply to the flow. The 
signal is consistent with the voltage caused by the inverse spin Hall effect, and 
depends characteristically on the flow velocity, the pipe geometry and the materials. 
2.  It was confirmed experimentally that the observed voltage signal had nothing to 
do with the spin-independent mechanisms such as the magnetohydrodynamic 
generation, the thermoelectric effect, the contact electrification and so on. 
3.  On the basis of the fluid dynamics, the spin diffusion equation was extended and 
became applicable to the fluid system where the angular momentum transfer between 
the vorticity and the electron spin exists. As a result, it turned out that the inverse spin 
Hall voltage derived from the extended spin diffusion equation is consistent with the 
experimental result. 
4.  All the measured voltage signal turned out to follow a universal scaling rule based 
on the spin-mediated scenario. The phenomenological parameter introduced by my 
theory to represent the angular momentum transfer from the fluid into electron spins is 
reasonable in magnitude as a material parameter related to the fluid viscosity. 
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The result shows that the observed voltage is caused by spin-current generation from a 
fluid motion, opening a door to the field of fluid spintronics. Introducing the direct coupling 
between electron spins and mechanical motion into the field of spintronics makes it more global as 
an angular-momentum conversion physics. From application points of view, the observed 
generation effects can be used to make an electric generator and a spin generator without using 
magnets. I anticipate that observed phenomena will bridge the gap between spintronics and 
hydrodynamics and pave a way to “fluid-spintronics” where spin and fluid motion are harmonized. 
Finally, I mention some future problems on fluid-spintronics in the thesis. I have 
demonstrated the spin current generation from fluid motion, and confirmed the angular momentum 
conversion between electron spins and fluid vorticity. This suggests the inverse effect of the voltage 
generation from fluid dynamics, i.e., fluid motion driven by spin injection. This will be a 
fluid-mechanical counterpart of Einstein-de Haas effect. The original Einstein-de Haas experiment 
reveals a gyromagnetic effect such as induction of macroscopic rigid rotational motion driven by 
magnetization. Owing to the angular momentum conservation law, a suspended ferromagnet starts 
to rotate by reverting the magnetization direction to compensate the change of angular momentum. 
Thus, a similar phenomenon will be observed in a coupled system of conduction electron spins and 
a liquid metal. Electron spin angular momentum injected into the liquid by using the spin pumping 
or the spin Hall effect will be dissipated into the metal and be converted into mechanical angular 
momentum of the liquid. As a result, the fluid motion will be induced via spin-vorticity coupling. 
Such inverse effects will be studied by the methods developed in this thesis. 
論文審査の結果の要旨 
 
固体中のスピン角運動量の流れであるスピン流の生成・利用は、スピントロニクスの学理の重要な位
置を占めてきた。スピン流を用いることで、ナノ領域での磁性制御や磁気情報の読み取りが可能になっ
ており、情報デバイスやエネルギー変換素子への応用も始まっている。スピン流物性の物理的基礎を構
築するためには、外部摂動に対するスピン流の応答の体系的理解が不可欠である。本論文の目的は、力
学的運動に対するスピン流の応答を明らかにし、その機構を解明することである。 
本研究により、力学的運動とスピン流の結合現象の存在が予言され、実験的に開拓された。本論文は
それらの研究をまとめたものである。まず、スピン流の緩和に関する既知の実験事実と相反性から現象
の存在とその対称性を議論し、スピン流の生成には、局所的力学回転量の勾配が不可欠であると予想し
た。この予想に基づき、力学的スピン流生成現象を観測可能な実験設計を行い、液体金属を細管に流す
ことで流体運動からスピン流を生成し、このスピン流を液体金属中の逆スピンホール効果で電圧に変換
し検出する手法を考案した。この手法を用いて系統的な実験を行い、流体の運動からスピン流・電流が
生成される現象「Spin hydrodynamic (SHD) generation」を発見した。更に、流体運動に付随する温
度勾配、電気分極、及び磁場誘起効果から SHD generation の信号を分離して検出する実験を行い、高
い信頼性を有する信号の取得に成功している。更に、このデータを解析するため、流体力学のナヴィエ・
ストークス方程式とスピントロニクスにおけるスピン拡散方程式を角運動量が保存する形に拡張し、流
体運動－スピン流変換を記述する現象論方程式を提案した。実験データはこの現象論と良く整合し、物
体運動とスピン流との結合を議論する基本的な枠組みを実験、理論両面から与えた。 
本論文は全５章から構成される。第１章では、研究背景と本論文の目的を述べた後、スピントロニク
ス及び流体力学に関する基礎的な物理について概説している。第２章では、流体運動によるスピン流生
成に関する理論の構築を行っている。第３章では、水銀及び GaInSn 合金の液体金属相を用いたスピン
流生成実験を報告しており、第２章で構築した現象論と良く整合する実験結果が得られている。第４章
では、流体運動に付随する様々な外因的効果を分離するための対照実験の結果について述べている。こ
の対照実験により、第３章で観測された信号が SHD generation に起因したものであることが実証され
た。第５章では、本研究で得られた成果がまとめられている。 
高橋遼提出の論文は、スピン流と力学運動間の相互作用がもたらす基礎現象を明らかにし、スピント
ロニクスに力学を組み込んだ新しい学問分野を切り拓くものであり、学問的に高く評価される。この成
果は、提出者の髙橋遼が高度の学識と自立して研究する能力があることを示すと判定される。よって、
博士（理学）の学位論文として合格と認める。 
